Introduction
The main objective of root canal treatment is the comprehensive biomechanical shaping and cleaning of the root canal system followed by complete filling. Traditional handheld or more recent engine-driven instruments or their combinations are used to prepare the root canal system.are designed to be used with either its own reciprocating file or that of another system.
The user cannot change the preset reciprocating angles in either system. Reciproc System generates a RM of 150° CCW and 30° CW at 300 rpm (5) , and WaveOne System generates a RM of 170° CCW and 50° CW at 350 rpm (6) . It has been shown that the range of RM may affect the cyclic fatigue resistance of NiTi files (7) . Therefore, the accuracy of the angles of RM may be of clinical importance. A recent study, for the first time, evaluated the actual kinematics of the different reciprocating modes of the Silver Reciproc (VDW) endodontic motor using a high-speed camera (8) . The actual reciprocating angles were found to be approximately 159° CCW and 35° CW for Reciproc mode, and 160° CCW and 41° CW for WaveOne mode, which were different from the manufacturer's declared values (8) . In the literature, there is no study investigating the kinematics of RM on clinically used endodontic motors. Therefore, this study aimed to evaluate and compare the kinematics of 3 used and 1 new endodontic reciprocating motors with 2 different RM modes. The null hypothesis tested was reciprocating angles and kinematics would not be affected by clinical usage.
Methods
Three used, 1 new torque-controlled endodontic motor (X-Smart Plus; Dentsply Maillefer) with their respective contra-angle handpieces were evaluated in this study. The data of the root canal treatment per motor were obtained from Eskişehir Osmangazi University, Faculty of Dentistry database from 2014-2016. Each motor/handpiece combination was tested in 2 different RMs, Reciproc program (R-mode) or the WaveOne program (W-mode). The kinematic values were also compared with the manufacturer's set values for both modes (Man-R and Man-W). The groups were as follows: Calibration was performed for each group before the video shots, as recommended by the manufacturer.
Evaluation of the kinematics
A custom angle measurement disc with a shaft designed to fit into the chuck of the handpiece was manufactured by a computer-numeric-control machine from aluminum ( Fig. 1) . Four major lines at every 90° and 68 minor lines at every 5° were engraved on the angle measurement disc as reference lines. The angle measurement disc was inserted into the contra-angle that was attached to a clamp placed in front of a high-speed camera (EX-F1; Casio). The camera was adjusted to high-speed video mode at 1,200 frames per second (fps) with 336 × 96 resolution. Each motor/mode combination was recorded for 10 seconds. Each recorded movie file was split into single still frames (VirtualDub 1.10.4, http://www.virtualdub.org). Twenty sequential RMs were analyzed. The evaluation of the actual kinematics involved the measurement of the duration, direction and amount of rotation of each RM with image processing and analysis software (ImageJ 1.48k; National Institutes of Health). In each RM cycle, following 4 distinct phases that were previously observed (8), the following were also observed and measured:
1. duration of engaging rotation (milliseconds) (t er ) 2. duration of standstill after engaging rotation (milliseconds) (t es ) 3. duration of disengaging rotation (milliseconds) (t dr ) 4. duration of standstill after disengaging rotation (milliseconds) (t ds )
For each RM, the following parameters were calculated (8). The set kinematic values of the 2 RM modes as declared by the manufacturers were assumed to be constant, therefore standard deviations were assumed to be equal to 0 in all equations (8, 9) .
Statistical analysis
Statistical analysis was performed using a commercially available statistical analysis software (GraphPad Prism, 6.0h, GraphPad Software) at a significance level of 0.05. The distribution of data was assessed by D'Agostino-Pearson omnibus normality test. One-way ANOVA and Kruskal-Wallis tests were used where applicable, followed by post-hoc tests, to compare the set and actual values of each RM mode (R-mode or W-mode) between new and used motor/handpiece combinations. Unpaired t-test and Kruskal-Wallis test followed by post-hoc tests were used to evaluate the difference between R-mode and W-mode in each motor/handpiece combination. The engaging angle, disengaging angle, cycle rotational speed, engaging rotational speed and disengaging rotational speed, net cycle angle, total cycle angle, and number of cycles to complete full rotation parameters were compared.
Results
The D'Agostino-Pearson test revealed a non-normal distribution for engaging and disengaging angles, t er t ds , net cycle angle, total cycle angle and number of cycles to complete full rotation. Therefore, Kruskal-Wallis test was used to compare the non-normally distributed data, followed by Dunn's multiple comparison test used for comparison between groups for each mode; Mann-Whitney U-test was used for comparison between modes for each parameter. For normally distributed data, 1-way ANOVA followed by Tukey's multiple comparisons test was used for comparison between groups for each mode; unpaired t-test was used for comparison between modes for each parameter.
In W-mode, the actual engaging angles of all used and new motors were different than manufacturers' set values (p<0.0001), whereas there was no difference between actual engaging angles among motors (p>0.05). In R-mode, the actual engaging angles of all used and new motors were similar to the manufacturer's set values (p>0.05). There was no difference between the actual engaging angles among motors (p>0.05). Both W-mode and R-mode showed significantly different values of actual disengaging angles for all used and new motors when compared with the manufacturers' set value (p<0.0001). The net cycle angle, total cycle angle, disengaging RS, and number of cycles to complete full rotation of both W-mode and R-mode was different from the manufacturers' values. The engaging angles of used and new motors were similar between W-mode and R-mode (p>0.05); however, the disengaging angles of used and new motors were significantly different (p<0.001). The duration of rotation and standstill phases increased by clinical usage for engaging motion when compared to control (p<0.05) (Tabs. I and II).
Discussion
A comparison of the set and actual kinematic values revealed that the disengaging angles were significantly different from the set angles, regardless of the modes used (W or R) (p<0.001). The engaging angles in W-mode were also significantly different from the set angles (p<0.001). Only the engaging angles in R-mode were not different from the set values (p>0.05). Our results confirmed the findings of a preliminary study (8) , which reported that the actual values differ from the manufacturers' reciprocating angles.
The analysis of sequential images revealed that there were 2 standstill phases between each direction change of the motor. The same standstill phases were also shown previously (8) . These phases were explained by 2 possible reasons. The first explanation was a short interruption, which could take place for the motor to stop and change its direction. This is controlled by the microprocessor of the motor unit. The second explanation was a backlash, which is caused by clearance between the mechanical parts of the motor (8) . Although the ideal backlash in motors would be zero, this is not the case in actual practice. Backlash, to some extent, must be allowed to prevent jamming of the moving parts and facilitate lubrication. It could also originate from manufacturing inaccuracies and deflection of the parts under load. As the motor is used and gets older, this backlash could be more distinct. This was the main reason for conducting this study. We initially hypothesized that the duration of the standstill phases would increase as the usage period of the motor increases. However, standstill durations were influenced by the clinical usage only in R-mode and only for engaging motion.
Until recently, there has been no reporting on the effect of prolonged use on the kinematics of endodontic motors operating with RM. Only a single study assessed the kinematics of an endodontic motor without indicating the condition of its usage (8) . This is the first study to evaluate the actual kinematics of new and used endodontic motors with RM modes. Our results showed that engaging angles were not influenced by the clinical usage of the motor regardless of the modes used (p>0.05). Only disengaging angles were influenced by clinical usage (p<0.05). Nevertheless, disengaging angles did not change accordingly with increasing clinical usage.
Fidler (8) reported that the Reciproc Silver (VDW) endodontic motor generated a mean engaging angle of 158.60° ± 1 .56° and a mean disengaging angle of 34.65° ± 1.13° with a cycle RS of 282.92 ± 3.70 rpm in R-mode; a mean engaging angle of 159.85° ± 1.04° and disengaging angle of 41.44° ± 1.49° with cycle RS of 343.36 ± 2.81 rpm in W-mode. In our study, for the new motor that was used as a control, we found a mean engaging angle of 153.90 ± 8.57 and a mean disengaging angle of 58.85 ± 2.90 with a cycle RS of 301.5 ± 6.73 in R-mode; a mean engaging angle of 151.70 ± 3.48 and a mean disengaging angle of 62.00 ± 2.45 with a cycle RS of 351.7 ± 7.07 in W-mode. This study evaluated the difference between the set and the actual angle and rotational speeds of new and used reciprocating motors using a high-speed camera at 1,200 fps. The set speed of the motor was assumed as 300 rpm (8); therefore, the rotation angle of a single frame at 1,200 fps video shot would correspond to a 1.5° angle. The sensitivity of our study is only 0.3° higher than the previous kinematic analysis study with 1.8° sensitivity (8) . Therefore, the different results obtained in our study compared to the previous one cannot be explained by the sensitivity of the cameras, since the difference between the actual reciprocating angles Total cycle angle (°) * reported in these 2 studies were much higher than 0.3°. These differences might be related to the use of a different brand of endodontic motor. Additionally, Fidler (8) did not indicate the condition of the motors analyzed in his study, which might have also accounted for differences.
In his preliminary kinematic analysis study, Fidler (8) evaluated 10 cycles at 6-second intervals within 1 minute of video. In our study, we evaluated 20 sequential engagement and disengagement cycles to simulate clinical usage. During instrumentation by NiTi engine-driven rotary files, the use of a pecking motion (an in-and-out movement) is recommended to extend the life span of the file (10). This motion takes approximately 2 seconds and corresponds to 20 reciprocation cycles. Sequential image analysis showed that engaging and disengaging angles changed arbitrarily during reciprocation in both working modes (W-mode or R-mode), regardless of the condition of the motor used. This was verified by the non-normal distribution of the data in statistical analysis. This implies that the endodontic motors used in this study did not have well-defined kinematic movements. As discussed earlier, the motor control unit might be responsible for these unreliable kinematics (8) . An interesting finding was that the actual kinematics of some endodontic motors could be 8-to 9-fold greater than the set angles (8) . In our study, the disengaging angles for the R-mode nearly doubled when compared with the manufacturers' set values. This indicates that manufacturers need to adopt some serious calibration processes to verify that their motors operate within the range of set values.
There is no proof that the motion kinematics selected by manufacturers is the best choice (7). Different reciprocating angles significantly affect the cyclic fatigue life of NiTi instruments (7, 11) . A study tested 4 different types of reciprocating movement kinematics for K3XF (SybronEndo) instruments and demonstrated that movement kinematics had a significant influence on the cyclic fatigue life that could affect the performance and safety of NiTi instruments (7) . Decreasing the reciprocation range of WaveOne NiTi instruments resulted in an increased cyclic fatigue resistance with less canal transportation and more centered preparations but with longer preparation times (11) . Likewise, the operational torque (12) and speed values (13) of the endodontic motor had an influence on the lifespan and cyclic fatigue resistance of NiTi instruments. Decreasing the reciprocation range of the NiTi instrument resulted in an increased incidence of dentinal crack formation, which could increase the possibility of root fracture with the amount of tooth structure removed (14) . Different RM phases may affect the instrument lifespan (cutting efficiency, deformation, separation, apical extrusion) (3), introduce dentin microcracks (14) and lead to apical transportation, canal straightening (3) and thus may have an effect on the outcome of the root-canal treatment. Cyclic fatigue of single-file systems might be influenced by changing kinematics (15) . It would be necessary to determine the most appropriate motions for root-canal preparations, as many different speeds and angles are generated by different endodontic motors.
This study analyzed the kinematics of a freely rotating instrument. However, in clinical practice the motion kinematics might be different since the files are under load during rotation. Nevertheless, the arbitrary reciprocating motion of new and used endodontic motors without any load might be more distinct under load. Further research is needed to test this hypothesis.
This study confirmed that the actual kinematics of reciprocating endodontic motors differ from manufacturers' set values. Regarding the effect of RM on canal preparation and instruments, the results obtained from previous studies performed with endodontic motors having preset or adjustable RM values might change when actual RM values are considered. The different results obtained from studies might be due not only to the different motors used: arbitrary reciprocation angles generated by the same motor could also have an impact on the results. It should be noted that the same brand of motors could generate different kinematics in each reciprocating cycle, therefore conclusions derived from previous studies, which investigated the effect of different RMs on various properties of prepared root canal and NiTi files, should be reviewed.
Today's electro-servo motor technology in endodontic motors does not allow for more precise angular motion. With technological advancements, which would allow much more precise movement, more significant information could be obtained regarding the effect of different kinematics. Further studies with more motors should be conducted with higher speed cameras at higher resolutions to reveal more precise kinematics. However, manufacturers should consider integrating a motor calibration system and a microprocessor with a short response time into their products to yield more precise reciprocating movements.
Conclusions
To summarize the conclusions of this study:
• The X-Smart endodontic motor presented different kinematics of s in both Reciproc and WaveOne modes compared to the manufacturers' set values. • Engaging angles were not influenced by the clinical usage of the motor regardless of the modes used (p>0.05).
Only disengaging angles were influenced by clinical usage (p<0.05). Nevertheless, disengaging angles did not change accordingly with increasing clinical usage.
• Further in vitro study designs with higher speed cameras at higher resolutions should be performed to evaluate the actual kinematics of the reciprocating endodontic motors.
• The arbitrary reciprocating cycles of the endodontic motor may be indicative of an imprecise manufacturing process.
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